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 ABSTRACT 

The resolution of conventional optical microscopy is only ~200 nm, which is 

becoming less and less sufficient for a variety of applications. In order to surpass

the diffraction limited resolution, super-resolution microscopy (SRM) has been 

developed to achieve a high resolution of one to tens of nanometers. The 

techniques involved in SRM can be assigned into two broad categories, namely

“true” super-resolution techniques and “functional” super-resolution techniques.

In “functional” super-resolution techniques, stochastic super-resolution microscopy

(SSRM) is widely used due to its low expense, simple operation, and high 

resolution. The principle process in SSRM is to accumulate the coordinates of

many diffraction-limited emitters (e.g., single fluorescent molecules) on the object

by localizing the centroids of the point spread functions (PSF), and then reconstruct

the image of the object using these coordinates. When the diffraction-limited 

emitters take part in a catalytic reaction, the activity distribution and kinetic

information about the catalysis by nanoparticles can be obtained by SSRM. 

SSRM has been applied and exhibited outstanding advantages in several fields 

of catalysis, such as metal nanoparticle catalysis, molecular sieve catalysis, and 

photocatalysis. Since SSRM is able to resolve the catalytic activity within one

nanoparticle, it promises to accelerate the development and discovery of new

and better catalysts. This review will present a brief introduction to SRM, and a

detailed description of SSRM and its applications in nano-catalysis. 

 
 

1 Introduction 

In 2014, the Nobel Prize in Chemistry was awarded 

to Dr. Eric Betzig, Prof. Stefan Hell, and Prof. William 

Moerner for the development of super-resolution 

fluorescence microscopy. Sven Lidin, chair of the 

Nobel Chemistry Committee, explained the importance 

of the new microscopy in chemistry is that “because 

we can see individual macromolecules moving about 

in a living cell, we can study chemistry at a single- 
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molecule level and in real life. … It opens entirely 

new possibilities for chemistry and for biochemistry.” 

This review will present technical details of the super- 

resolution microscopy (SRM) and its applications in 

nano-catalysis. 

In the mid-17th century, the modern optical 

microscope was invented independently by Robert 

Hooke in Britain and Antonie van Leeuwenhoek in 

Holland. They developed some key components, which 

include macro and micro focusing mechanisms, 

lighting systems, and bench bearing specimen pieces, 

for the use in their microscopes. During the following 

300 years, the optical microscope was continuously 

improved by various technical innovations. Due to 

the low price, easy operation, and absence of damage 

to the sample, the optical microscope has been an 

important research tool in biology, medicine, materials 

science, and other disciplines. 

As an instrument used to observe objects that are 

too small to be seen by the naked eye, a microscope is 

always expected to have a magnification as high as 

possible. But the finite resolution of a microscope 

limits the improvement in the magnification. When 

the resolution limitation is reached, even if the 

magnification is improved, only an image with a 

large contour but blurred details will be obtained. In 

1873, a German scientist Ernst Abbe found that the 

limited resolution of a microscope is due to the optical 

diffraction effect and the limited numerical aperture 

of an objective lens 


0.61λ

d
NA

                 (1) 

where d is the resolution of the objective lens, λ is the 

wavelength of light, and NA is the numerical aperture 

of the objective lens. The highest resolution of an 

optical microscope is only ~200 nm. For example, if 

the numerical aperture of the objective lens is 1.40 

and the wavelength of blue light is 450 nm, then the 

resolution will be ~196 nm.  

A resolution of 200 nm has become less and less 

adequate, as researchers want to study smaller and 

smaller objects. In order to break this optical diffraction 

limit, some novel techniques have been developed  

to achieve higher resolution. The techniques of SRM 

can be assigned into two broad categories, which are 

“true” super-resolution techniques and “functional” 

super-resolution techniques. The “true” super- 

resolution techniques mainly include near-field optical 

microscopy (NFOM) [1], 4Pi microscopy [2], structured 

illumination microscopy (SIM) [3], and spatially 

modulated illumination (SMI) [4]. The “functional” 

super-resolution techniques mainly include stimulated 

emission depletion (STED) [5], ground state depletion 

(GSD) [6], saturated structured illumination microscopy 

(SSIM) [7], and stochastic super-resolution microscopy 

(SSRM) [8–17].  

The “true” super-resolution techniques are widely 

used in nano-science since they can give a super- 

resolution image directly. For example, the principle 

of NFOM is to capture the information contained in 

evanescent waves close to the object (at the nanometer 

level). We can obtain a super-resolution image as 

long as we directly measure the evanescent field 

around the object. The resolution of NFOM can reach 

a few nanometers. However “true” super-resolution 

techniques need special equipment, which is usually 

very complex, expensive, and difficult to operate.  

Therefore “functional” super-resolution techniques, 

especially SSRM, now make up the majority of the 

important techniques in biological imaging. This may 

be because these techniques are relatively simple to 

realize. But “functional” super-resolution techniques 

like STED still have some disadvantages, such as 

complicated machinery and relatively slow image 

acquisition. Furthermore, it is difficult to obtain deep 

and non-invasive detection using STED, since STED 

and SSIM—which are based on nonlinear optics 

technology—require a high intensity pulsed laser that 

may damage the sample. Fortunately, the development 

of SSRM presents an opportunity to acquire super- 

resolution images in an easy way. We will introduce 

the details of the SSRM technique and its applications 

in nano-catalysis in this review. 

In addition to 2D super-resolution microscopy, 

three-dimensional super-resolution imaging techniques 

have also been invented. The key work was carried 

out by Zhuang’s group in 2008 [18]. They demon-

strated 3D stochastic optical reconstruction microscopy 

(STORM) by using optical astigmatism to determine 

both axial and lateral positions of individual fluoro-

phores with nanometer accuracy (Fig. 1). They achieved 
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an image resolution of 20 to 30 nm in the lateral 

dimensions and 50 to 60 nm in the axial dimension 

[18]. Due to the abundant information obtained and 

its potential applications, the 3D super-resolution 

microscopy has continued to develop rapidly [19–21]. 

2 Principles of SSRM 

Optical SSRM does not refer to a single method, but 

rather to a group of methods, which include fluores-

cence imaging with one-nanometer accuracy (FIONA) 

developed by Selvin’s group [8–10], nanometer- 

localized multiple single-molecule (NALMS) fluores-

cence microscopy developed by Hell and Qu and 

their co-workers [11, 12], photoactivated localization 

microscopy (PALM) developed by Betzig’s [13] and 

Hess’s [14] groups, and stochastic optical reconstruction 

microscopy (STORM) developed by Zhuang’s group 

[15, 16] and others [17]. Although the names and the 

technical details of these methods are different, they 

obey the same principle in that the object is recon-

structed using the coordinates of many tiny diffraction- 

limited isolated emitters (e.g., single fluorescent 

molecules) with nanometer precision. These techniques 

can usually provide a high resolution of ~20 nm [15, 16], 

and even down to ~1 nm in some special cases [8–10]. 

Compared to the conventional optical microscope, 

this represents tremendous progress. 

In order to understand SSRM, we need to look back 

at the principle of the conventional optical microscope. 

As an example, Fig. 2(a) shows a four point star object, 

which has a clear boundary and four sharp angles. 

However, only a blurred image is seen in the con-

ventional microscope (Fig. 2(b)) due to the limited 

resolution. In 1873, Abbe proposed the principle 

underlying the limited resolution of an optical 

microscope. However, the premise of this principle, 

which is easily forgotten, is that the different parts of 

the object are observed at the same time. The light 

from different parts will overlap in the image if the 

parts are close enough. 

However, SSRM provides us with a totally different 

way to image a tiny object from that used in con-

ventional microscopy. In SSRM, the light does not 

come from all the parts simultaneously but only from 

the tiny emitters on the object at different time 

(Fig. 2(c)). In this image, a tiny diffraction-limited 

emitter (e.g., a single fluorescent molecule) on the 

four point star emits a certain number of photons. 

The photons will form a diffraction spot, which obeys  

Figure 1 Schematic of 3D STORM. (a) Three-dimensional localization of individual fluorophores. The simplified optical diagram
illustrates the principle of determining the z coordinate of a fluorescent object from the ellipticity of its image by introducing a cylindrical
lens into the imaging path. The right panel shows images of a fluorophore at various z positions. EMCCD is an electron-multiplying
charge-coupled device. (b) Three-dimensional localization distribution of single molecules. Each molecule gives a cluster of localizations
due to repetitive activation of the same molecule. Localizations from 145 clusters were aligned by their center of mass to generate the
overall 3D presentation of the localization distribution. (c) x–y and x–z cross sections presented in 3D perspective. (d) Conventional
direct immunofluorescence image of clathrin in a region of a BS-C-1 cell. (e) An x–y cross section (50 nm thick in z) of the same area,
showing the ring-like structure of the periphery of the CCPs at the plasma membrane. Reproduced with permission from Ref. [18],
© 2008 American Association for the Advancement of Science. 
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the two-dimensional (2D) point spread function (PSF). 

The centroid of the PSF is the location of the tiny 

emitter, which is marked as a red cross in Figs. 2(c) 

and 2(d), and as a white point in Fig. 2(d). Since PSF 

is very complex, a simpler 2D Gaussian function is 

usually used [15] 
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In this equation, I(x,y) is the intensity for a given 

coordinate (x, y), B is the background intensity which 

varies with the system, I0 is the intensity of the 

Gaussian function, δ is half of the pixel size, (x0, y0) is 

the centroid coordinate of the Gaussian function, and 

σx and σy are the standard deviations in x and y, 

respectively. 

In order to obtain the centroid coordinate, the 

diffraction spot is fitted with the 2D Gaussian function, 

as in Eq. (2). In practice, the tiny emitter at the centroid 

position could be a single nanoparticle, a single 

quantum dot, a single fluorescence protein, a single 

fluorescent molecule, or any tiny diffraction-limited 

emitter. 

When more and more coordinates of tiny emitters 

are mapped by a series of images (i.e., a movie), the 

image of the object will become more and more clear 

(Figs. 2(e)–2(h)). The accuracy can be determined by [22] 
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Here, Eri is the error in the i direction (usually referring 

to the x, y, z directions), σ is the standard deviation  

of the Gaussian distribution, a is the pixel size of  

the light sensors, b is the standard deviation of the 

background signal, and N is the number of collected 

photons. The first term ( 2 /
i

N ) is the photon noise, 

the second term ( 2 / (12 )a N ) is the effect of the pixel 

size of detector, and the third term (  4 2 2 28 / ( )
i
b a N ) 

is the effect of the background. Unlike Abbe’s equation, 

the wavelength of light does not appear in Eq. (3) 

above. Therefore the accuracy of SSRM does not 

directly depend on the wavelength of light. Since 

each term in Eq. (3) is inversely proportional to the 

photon number (or the square of the photon number), 

the accuracy of SSRM is strongly dependent on the 

number of collected photons. If the number of collected 

photons is sufficiently large, in theory the imaging 

precision could reach ~1 nm. 

We present a real example from our research in 

Fig. 3. A single molecule fluorogenic reaction on single 

Au@mSiO2 nanorods was performed in a microfluidic 

reactor using total internal reflection fluorescence (TIRF) 

microscopy (shown in Fig. 3(a)). When a fluorescent 

 

Figure 2 Schematic of the principle of SSRM. (a) A given geometric object. (b) Image of this geometric object in conventional optical
microscopy. (c) A diffraction spot of a small size emitter on the object in single molecule microscopy, where the center of the cross is the 
centroid of the diffraction spot, which is obtained by 2D Gaussian fitting; location(s) of (d)1, (e) ~20, (f) ~40, (g) ~70, and (h) ~120 
emitter(s). 
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product resorufin molecule was generated, a burst of 

photons was detected in the wide-field fluorescence 

image (shown in Fig. 3(b)). Then the 2D Gaussian 

function in Eq. (2) was used to fit the fluorescence PSF 

to get the centroid coordinate of the emission. The 

error of the centroid coordinate in Figs. 3(b) and 3(c) 

is only about ±6 nm. Therefore the location of the 

fluorescent product resorufin can be accurately 

determined. 

The localization accuracy is usually very high (a 

few nanometers) for a single tiny emitter in a single 

imaging process. A good approximation of the spatial 

resolution of SSRM is the full width at half maximum 

(FWHM) of the positions of the same single tiny 

emitter during different imaging processes. So the 

resolution of SSRM is usually ~20 nm. For example, 

Figs. 4(a) and 4(d) show that the localization accuracy 

of a single tiny emitter during a single imaging 

process is several nanometers in STORM [15]. But the 

resolution of STORM determined by the positions of 

the same single tiny emitter during different imaging 

processes becomes ~20 nm in Figs. 4(b) and 4(c). 

Furthermore, the spatial resolution of a particular 

measurement is also affected by the label density 

(Nyquist’s sampling rule), the label size, and the 

actual structure under investigation. 

3 Application of SSRM in catalysis 

There are two main aims in the study of catalysis. 

One is to explore high performance catalysts, and the 

other is to study the process and mechanism of 

catalytic reactions. The former requires a large number 

of materials to be screened in order to find highly 

active nano-catalysts, since different shapes, sizes, and 

compositions of nano-catalysts will give different 

catalytic activity [24–30]. The latter requires charac-

terization of the reaction process and mechanism of a 

single catalytic reaction, single nano-catalyst, or single 

active site. 

Conventional methods, such as UV–Vis, gas chroma-

tography (GC), fluorescence spectroscopy, and NMR 

spectroscopy, have some difficulty in meeting the 

above two aims, because they can only detect the 

average behavior of numerous nano-catalysts. Therefore 

a minor component with high catalytic performance 

may be missed. It is also difficult for conventional 

methods to characterize the reaction process and 

mechanism at the single molecule level. 

However, single-molecule technology—especially 

SSRM—offers significant advantages in the above 

two aims. From the principles of SSRM presented in 

the previous section, we know that the resolution of 

SSRM can generally reach ~20 nm, which means a 

highly catalytically active region on a single nano- 

catalyst with a size of tens to hundreds of nanometers 

can be effectively identified. Moreover, SSRM can 

reach millisecond time resolution if the intensity of 

the tiny emitter is high enough. Then we can study 

the kinetics of catalysis at the active sites on the 

single nano-catalyst. The process and mechanism of a 

catalytic reaction on a single nanoparticle can be 

studied at the sub-single-nanoparticle level, in real 

time and in situ. Moreover, if SSRM is coupled with 

 

Figure 3 Single-molecule super-resolution fluorescence microscopy of single Au@mSiO2 nanorod catalysis. (a) Experimental scheme 
using TIRF microscopy and a microfluidic reactor to image the fluorogenic reaction of Amplex Red to resorufin. (b) The wide-field 
fluorescence image of a single resorufin molecule. (c) The three-dimensional representation of the image in (b). The fluorescence 
intensity of a single resorufin molecule spreads over a few pixels (each pixel is ~267 nm) as a PSF; the center position of this PSF is 
marked as a red cross in (b). Reproduced with permission from Ref. [23], © 2012 Nature Publishing Group. 
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other characterization techniques (e.g., TEM, SEM, 

XPS, or XRD) it is possible to study the relationship 

between the structure and/or component and the 

activity, i.e., “structure–activity” relationships. 

3.1 Application of SSRM in metal nanoparticle 

catalysis 

Metal nanoparticle catalysts are widely used in the 

petroleum, chemical, food, and other industries, and 

therefore detailed studies of such systems are very 

valuable. Conventional approaches are relatively 

mature and easy to operate. However, they are far 

from sufficient when searching for higher performance 

catalysts, or studying the catalytic mechanism at the 

molecular level. The single molecule approach can 

overcome these difficulties, and make it possible to 

study catalytic process on the nanoscale and at the  

single molecule level [31–34]. Furthermore, due to 

the development of SSRM, optical single molecule 

technology is no longer limited to the study of the 

whole nano-catalyst, but can distinguish the catalytic 

properties between the different parts of a single 

nano-catalyst. 

Recently, Chen’s group studied the catalytic pro-

perties of gold nanorods and nanoplates by SSRM 

[23, 35–37]. The nanoparticles were coated with a 

layer of mesoporous silica shell before the catalytic 

reaction. The shell can stabilize the morphology of the 

nanoparticles during the removal of the surfactant by 

calcination. Moreover, the mesoporous silica also has 

the ability to trap the fluorescent molecules for a 

while, and facilitates the detection of a fluorescence 

signal. Figures 5(a) and 5(b), respectively, show TEM 

images of an Au nanorod and a nanoplate encapsulated  

 

Figure 4 The high localization accuracy of individual switches during each switching cycle defines the intrinsic resolution of
STORM. (a) The PSF of the emission from a single switch on DNA during a single switching cycle. Fitting the PSF to a
two-dimensional Gaussian (not shown) gives the centroid position of the PSF. The centroid positions of an individual switch determined 
in 20 successive imaging cycles (b) before and (c) after correction for sample drift. (d) A histogram of the standard deviation of centroid 
positions. The standard deviation is determined as (σx + σy) /2 for each switch using 20 imaging cycles, where σx and σy are the standard 
deviations of the centroid positions in the x and y dimensions. This histogram was constructed from 29 switches. Reproduced with
permission from Ref. [15], © 2006 Nature Publishing Group. 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

447 Nano Res. 2015, 8(2): 441–455 

 

Figure 5 Site-specific catalytic activity on single shaped nano-
crystals. TEM images of an Au@mSiO2 (a) nanorod and (b) 
nanoplate. (c) 2D histogram of catalytic product locations on a 
single Au@mSiO2 nanorod. (d) Locations of catalytic products 
mapped onto the SEM image of a single Au@mSiO2 nanoplate. 
(e) Specific catalytic rate constant k of each segment of the 
nanorod in (c). (f) Specific catalytic turnover rate v for the three 
types of regions of the nanoplate in (d). (a), (c), and (e) are adapted 
from Zhou et al. [23]. Reproduced with permission from Ref. [23], 
© 2012 Nature Publishing Group. (b), (d), and (f) are adapted 
from Andoy et al. [35]. Reproduced with permission from Ref. 
[35], © 2013 American Chemical Society. 

in the mesoporous silica shell. SSRM was used to 

study the distribution of catalytic activity over the 

whole nanoparticle, and the site-specific catalytic 

activity compared with the respective SEM images 

(Fig. 5(d)). 

By carefully analyzing these results, they found 

that the entire nanoparticle is active, but the activity 

distribution is inhomogeneous. In the case of the 

gold nanorods, the two ends are usually more active 

than the middle (Fig. 5(e)). In the case of the gold 

nanoplates, the corner regions are the most active 

part, followed by the edge regions and then the flat 

facets (Fig. 5(f)). This was interpreted in terms of the 

corners and edges of the nanoparticles having a higher 

percentage of low-coordination surface sites, since 

low-coordination surface sites usually have higher 

catalytic activity. 

SSRM gives a precision of about 20–40 nm when 

studying metal nanoparticle catalysis [23, 36]. Thus it is 

possible to resolve the spatial distribution of catalytic 

activity in these nano-catalysts, which have a scale of 

hundreds of nanometers in certain dimensions. For 

example, further research found that the catalytic 

activity of the rod body of gold nanorods (excluding 

the two ends) was not uniform, but showed high activity 

in the middle and gradually decayed from the middle 

toward the two ends (Figs. 6(a) and 6(b)) [23].  

This unusual phenomenon is contradictory to 

expectations. The catalytic activity along the gold 

nanorod should be very similar, because the rod body 

of a gold nanorod is made up of the same facets ((100) 

or (110)) [38, 39]. Further study found that the origin 

of this unexpected phenomenon is probably related 

to the growth process of gold nanorods, because the 

growth of gold nanorods is a decelerating process, in 

which the growth rate is faster at the beginning and 

becomes slower towards the end [40]. Faster growth 

rate will cause more defects [41], where the surface 

atoms have lower-coordination, and higher catalytic 

activity. A mathematical model was built to describe 

the result (Fig. 6(b)) 

  
,

( ) 2
L L c L

k x x k               (4) 

Here, x is the distance to the center of the nanorod, 

kL(x) is the catalytic activity at the distance x, parameter 

βL is the gradient of activity, and kc,L represents the 

catalytic reactivity at the center of the nanorod. Further 

study also revealed that longer nanorods show slower 

decay rates, while shorter nanorods show faster decay 

rates (Fig. 6(c)). This reflects the fact that the growth 

of shorter nanorods stops earlier, while the growth of 

longer nanorods stops later [23].  

If a gold nanoplate is divided into different regions 

from the center to the edges, the areal specific activity 

of each region can be calculated (Fig. 6(d)) [35]. The 

catalytic activity shows a decreasing trend from the 

center toward the edges (Fig. 6(e)) [35]. The trend is 

similar to that observed for the nanorod. A mathe-

matical model, similar to that for the nanorods, can 

be used to describe the trend 

  2

,
( )

R R c R
v r r v            (5) 
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where r is the distance to the center of the nanoplate, 

vR(r) is the catalytic activity at the radial distance r, βR 

is the gradient of activity, and vc,R is the activity at the 

center of the nanoplate. The fitting results of this 

model are shown in Fig. 6(e), which shows that the 

model can fit the data very well. In addition, the radial 

activity gradient βR decreases gradually (Fig. 6(f)) with 

increasing nanoplate size. Similar to the mechanism 

for gold nanorods, these results can be related to the 

gradual growth of gold nanoplates from the center 

toward the edges. 

Developing rapid, high-throughput, and parallel 

methods to screen the activity of nano-catalysts   

can greatly accelerate the process of developing high- 

performance catalysts [42, 43]. In the field of nano- 

catalysis, single molecule and single nanoparticle 

methods are promising approaches to satisfy the 

above requirements, because these methods can detect 

the activity of thousands of nanoparticles with different 

properties at the same time. Chen’s group verified this 

method in their recent work [36]. Consequently, SSRM 

offers a powerful approach to understand and develop 

better nano-catalysts, and uncover a lot of new rules. 

3.2 Applications of SSRM in catalysis by porous 

material  

Porous materials (e.g., molecular sieves) can be used 

as catalyst supports as well as having excellent 

catalytic properties in their own right, and are widely 

used in the chemical industry. Diffusion in porous 

materials is an important process during catalysis. 

However it is difficult to study the diffusion in porous 

materials, because porous materials are inhomogeneous 

and complex on the nano-scale. Hence it is also difficult 

to study catalytic reactions occurring within a porous 

material. Fortunately, SSRM provides a powerful tool 

to study molecular diffusion and the catalytic reactions 

inside porous materials [44–46] in real time and in situ. 

Moreover, catalytic reactions within porous materials 

can be effectively studied when SSRM is coupled 

with conventional methods for characterization of the 

microstructure and composition [47–49]. 

Hofkens’s group researched the catalytic conversion 

of furfuryl alcohol occurring on ZSM zeolite particles 

[48]. They revealed the relationship between the 

catalytic activity distribution and the structure of ZSM 

zeolite particles by SSRM [48]. Figure 7(a) shows  

Figure 6 Catalytic activity gradients within the same facets. (a) 2D histogram of catalytic product locations on a single Au@mSiO2

nanorod. (b) Dependence of the specific turnover rate on location along the length of the nanorod in (a). (c) Dependence of the linear 
activity gradient βL on the nanorod length L. (d) Locations of product molecules of a single Au@mSiO2 nanoplate. (e) Dependence of 
the specific turnover rates. (f) Dependence of the radial activity gradient βR on the nanoplate radius R. (a), (b), and (c) are adapted from 
Zhou et al. [23]. Reproduced with permission from Ref. [23], © 2012 Nature Publishing Group. (d), (e), and (f) are adapted from Andoy 
et al. [35]. Reproduced with permission from Ref. [35], © 2013 American Chemical Society. 
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Figure 7 (a) SEM image of needle-like ZSM-22 crystallites.  
(b) Reaction map. The inset shows the local reaction rate as mea-
sured along the white line. Reproduced with permission from Ref. 
[48], © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

their needle-like crystallites with an average width of 

~120 nm, which will be blurred to ~500 nm in a con-

ventional optical microscope. Figure 7(b) shows the 

catalytic reaction map of an isolated ZSM-22 crystallite 

needle with the width of ~100 nm ascertained by SSRM. 

The number of the catalytic reaction events in a 

certain area (e.g., 20 nm × 20 nm) can be calculated 

using SSRM, and thus the nanoscale distribution of 

the catalytic activity can be obtained. In Fig. 7(b), the 

needle-like ZSM-22 crystallite shows a peak activity 

in the middle and it decays gradually toward its two 

sides. This is likely related to the growth of ZSM-22, 

because the silica precursor first assembles around 

molecular templates and forms needle-like ZSM-22 

crystallites with discrete aluminum-containing 

nanorods. In addition, they studied another ZSM-5 

crystallite [48] with micrometer size, and found that 

nano-steps were the site of highest catalytic activity. 

Roeffaers’s and Sels’s groups studied the epoxidation 

reaction catalyzed by Ti-MCM-41 using SSRM [49]. 

They localized the reaction sites by SSRM, and 

overlapped the locations onto the transmission image  

of the catalyst. Their result shows that most of the 

active sites only penetrate into the particle about 

300 nm from the surface, and the catalytic reaction  

is not observed in the center of the particle. Further 

studies showed that this is not due to the absence of 

catalytic activity inside the particles, but rather due 

to the limited diffusion of reactants inside the particles. 

Furthermore, adsorption experiments showed that 

the inner channel of the particle is continuous, and the 

effective intra-particle diffusion coefficient is 10–16 m2·s–1. 

The authors concluded that it is difficult for the two 

reactants to reach the inside of particles simultaneously 

to allow the reaction to happen. The above studies 

show that SSRM offers many advantages in the study 

of zeolite catalysis. 

3.3 Application of SSRM in photocatalysis 

Photocatalytic reactions are very important in the 

energy and environment fields [50–53], because photo-

catalytic reactions offer a means of converting light 

energy into chemical energy, or degrading organic 

pollutants. The photocatalytic reactions are often 

controlled by the interfacial electron transfer process. 

If the mechanism of electron transfer process can be 

well understood, this will be valuable in terms of 

designing new highly efficient photocatalysts. In 

order to study the interfacial electron transfer on a 

heterogeneous catalyst, Majima’s group designed 

and synthesized a fluorescent redox probe, 3,4- 

dinitrophenyl-substituted boron dipyrromethene 

(DN-BODIPY, Fig. 8(a)) [54]. Under UV irradiation, a 

TiO2 photocatalyst can generate electrons which 

convert the non-fluorescent DN-BODIPY to highly 

fluorescent HN-BODIPY. Then the locations of the 

fluorescent molecules can be obtained by SSRM with 

nanometer accuracy (Fig. 8(b)). The effect of various 

facets on the electron transfer was studied by 

overlapping the locations onto the transmission 

image of the particle. They found that the stable (101) 

crystal facet (where the surface energy is 0.44 J·m–2) 

has higher photocatalytic reduction activity than the 

less stable (001) crystal facet (where the surface energy 

is 0.90 J·m–2). This surprising discrepancy can be 

explained in terms of face-specific electron-trapping 

probability. In situ observation of the catalytic events  
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Figure 8 (a) Photocatalytic generation of fluorescent HN- 

BODIPY from non-fluorescent DN-BODIPY on a TiO2 crystal.  

(b) Fluorescence and (c) transmission images of the same TiO2 

crystal immobilized on a cover glass in Ar-saturated methanol 

solution containing DN-BODIPY under a 488 nm laser and UV 

irradiation. The inset of the panel on the left shows the expanded 

image, as indicated by the arrow. The cross mark shows the location 

of the reactive site. The blue and red dots in the transmission image 

indicate the location of fluorescence bursts on the (001) and (101) 

facets of the crystal, respectively, observed during 3 min irradiation. 

Reproduced with permission from Ref. [55], © 2011 American 
Chemical Society. 

occurring at the solid/liquid interfaces revealed the 

hidden role of the crystal facets in chemical reactions. 

The equilibrium adsorption constants for DN- 

BODIPY on the (001) and (101) crystal facets are 0.87 ± 

0.18 and 0.93 ± 0.19 μM–1 [55], respectively. Moreover, 

the distribution of catalytic activity is not uniform on 

the TiO2 crystal. There are some hot spots of catalytic 

reaction, as shown in Fig.  8(c). By comparing with the 

SEM image of the crystals, they found that the hot 

spots are strongly associated with surface damage [55]. 

Subsequent studies found that the anisotropy of the 

crystal results in a varying ability to trap photon- 

generated electrons. The variation also depends on the 

number and location distribution of trapped electrons 

as well as the energy of the electrons. 

In addition, electron transfer between a semicon-

ductor and a metal nanoparticle is an important topic, 

being related to photocatalysis, sensors, and solar 

cells [56]. Supporting a high work function metal 

(e.g., Au, Ag) on metal oxide supports (e.g., TiO2 and 

ZnO) can significantly enhance the charge separation 

efficiency, because the electrons in the conduction 

band of the semiconductor are more easily transferred 

to the metal [57]. Majima’s group adopted a novel 

redox-responsive fluorescent molecule to study the 

efficacy of TiO2-supported Au nanoparticles in 

photocatalytic redox reactions. They found that the 

charge transfer by single nanoparticle has both 

temporal and spatial heterogeneity. The substrate 

concentration, UV intensity as well as the Au nano-

particle size can all affect the electron transfer. The 

Au/TiO2 samples always showed much higher photo-

catalytic activity than TiO2 alone, because the loaded 

Au nanoparticles on TiO2 surface greatly enhanced 

the charge separation efficiency [58]. Further super- 

resolution imaging studies showed that visible-light- 

induced reduction reactions preferentially occur on the 

TiO2 surface within a distance of tens of nanometers 

around the deposited Au nanoparticles. This result 

can be qualitatively interpreted in terms of plasmon- 

induced electron and/or energy transfer [59]. 

Molecule adsorption is one of the key steps in 

catalytic reactions. However, owing to the great 

difficulty of exploring stochastic adsorption and 

desorption on a solid/liquid interface, the distribution 

of adsorption sites of a nano-catalyst surface has 

seldom been studied. Majima’s group synthesized a 

catechol-modified boron−dipyrromethene (CA-BODIPY) 

(Fig. 9(a)) and studied the adsorption of the molecule 

on TiO2 nanoparticles or α-Fe2O3 micropines [60]. The 

location of CA-BODIPY can be determined by SSRM 

(Figs. 9(b)–9(e)), when CA-BODIPY undergoes energy 

transfer to give a fluorescent molecule. In this study, 

the accuracy of location is about 50 nm, which allows 

the study of molecular adsorption behavior at the 

nanoscale [60]. 

This study revealed that the solvent molecules 

have a great effect on the adsorption of organic 

compounds on specific surfaces. The adsorption of 

CA-BODIPY molecules is strongly related to the 

crystal facet of the TiO2 nanoparticle. They concluded 
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that the adsorption ability in neutral water follows the 

order (101) > (001) ≈ (100), whereas the opposite effect 

is observed in aprotic solvents such as acetonitrile. 

Further study found that CA-BODIPY is much more 

easily adsorbed on nano-scale TiO2 crystals than on 

micrometer-scale TiO2 crystals or an atomically flat 

TiO2 surface. In addition, the study also showed that 

CA-BODIPY molecules preferentially adsorb on the 

tops of the branches of α-Fe2O3 micropines rather than 

on their sides. This is due to more Fe being exposed 

on the tops of the branches [60]. 

3.4 SSRM of surface-enhanced Raman spectroscopy 

and its potential application in catalysis 

In SERS detection, the intensity of Raman scattering 

can be enhanced by many orders of magnitude, 

typically 105–108 [61, 62]. Therefore, this method 

possesses such high sensitivity that a single molecule 

can be detected. However, SERS effects often occur in 

a short range of locations around the nanoparticle 

[63]. Using conventional microscopy it is difficult to 

exactly determine these locations, usually called hot 

spots. SSRM provides an effective way to resolve these 

SERS hot spots around the nanoparticle. Willets’s 

group adopted SSRM to study single-molecule SERS 

of rhodamine 6G (R6G) adsorbed on randomly 

assembled silver colloidal aggregates [64–66]. They 

studied the effect of shape, size, and location of 

nanoparticles on the SERS signal. In their study, the 

positioning accuracy reached 5 nm (Figs. 10(a) and 

10(b)) [65]. In Fig. 10, it is easy to find the locations 

with stronger enhancement of SERS signal, when the 

location and intensity map of SERS is overlapped onto 

the corresponding SEM image. This work is helpful in 

understanding the principles of SERS enhancement  

 

Figure 10 SERS spatial intensity map and the corresponding SEM 

image for (a) single-junction and (b) two-junction nanostructure. 

Reproduced with permission from Ref. [65], © 2011 American 
Chemical Society. 

 

Figure 9 (a) Formation of fluorescent complexes from non-fluorescent CA-BODIPY and metal oxide (MOx). (b) Crystal structure of a 
TiO2 crystal with dominant (100) facets. (c) Locations of the reactive sites on the (101) (red dots) and (100) (green dots) surfaces of
TiO2 crystal. The optical transmission image of the crystal is shown. (d) Growth directions of α-Fe2O3 micropines. (e) Locations of the 
reactive sites on individual α-Fe2O3 micropines (red dots). SEM images of the crystals analyzed are shown. Reproduced with permission 
from Ref. [60], © 2013 American Chemical Society. 
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at the nanometer level [67], and in developing related 

applications [68]. 

In terms of potential application in catalysis, a lot 

of information about a catalyst can be obtained if a 

catalytic reaction happens at these locations, and the 

reactant or product molecules have a SERS signal. SERS 

offers many outstanding advantages in the application 

of SSRM. For example, many non-fluorescent mole-

cules have a SERS signal, which can break through 

the limitation of involving fluorescent molecules in 

the catalytic reaction. Consequently, single-molecule 

measurement can be expanded to reaction types with 

potential applications. As a result, SERS SSRM has 

some unique advantages in single molecule detecting, 

and has the potential to be widely used in catalysis 

research. 

4 Conclusions and perspective 

As shown in this review, SSRM is an effective way to 

study catalysis on nano-catalysts since it offers the 

advantages of relatively simple equipment, easy 

operation, and high resolution (one to tens of nano-

meters). It is attracting more and more attention from 

researchers in the catalysis field. Recently, this 

technology has been applied in several areas of catalysis, 

such as metal nanoparticle catalysis, molecular sieve 

catalysis, and photocatalysis. This method not only can 

give valuable spatial information about nano-catalysis 

with nanometer accuracy, but also can provide rich 

kinetic information, such as reaction kinetics and 

diffusion kinetics. In addition, this method can scan 

the catalytic activity of a large number of nano- 

catalysts in parallel, and so it has great prospects in 

the screening of catalysts. 

However, SSRM still needs further development 

due to its shortcomings. First, the technique is strongly 

dependent on single-molecule fluorescence technology, 

which is limited by the range of fluorescent molecules: 

Fluorescent molecule makes up only a tiny fraction of 

the tens of millions of known molecules. Therefore 

most catalytic reactions with practical applications— 

which do not involve fluorescent molecules—cannot 

be studied directly by this method. Consequently, it is 

necessary to introduce some other SRM methods, such 

as single-molecule SERS technology [62, 65], plasmon 

interactions [69], or near-field optical microscopy 

[70, 71], into studies in the catalysis field. 

Second, some fluorescent molecules may not be 

detected during the single molecule experiments, since 

the fluorescence signal is easily affected by various 

factors, such as quenchers [72–74], the concentration 

of the fluorescent molecule itself [75, 76], photo- 

bleaching [77], and the presence of nanoparticles 

[78–80]. These undetected molecules have been rarely 

investigated and discussed in the literatures. Therefore 

we cannot be satisfied until every fluorescent molecule 

can be localized clearly. 

Third, the extremely high resolution (< 1 nm) of 

SRM is theoretically important and practically useful, 

but it is very difficult to achieve. The signal is easily 

affected by nearby fluorophores or any other object 

which can interact with light. Therefore the experiment 

should be controlled very precisely. However, we can 

look forward to the breakthroughs in this direction. 

Fourth, single-molecule fluorescence technology has 

serious shortcomings in charactering the structure 

and composition of a catalyst. Therefore, it is necessary 

to combine SSRM with other technologies, such as 

SEM, TEM, and XPS. Some combined techniques with 

multiple functions may appear and show great power 

in the research of catalysis in the near future. 

This review has shown that SRM offers many 

advantages and achievements in the studies of catalysis. 

However many challenges and opportunities still await 

us. For example, optical SRM is now growing rapidly, 

and can be expected to make major contributions to 

the study of catalysis. 
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